Bacteriophage P4 is a satellite virus of bacteriophage P2, which has acquired the ability to utilize the structural gene products of P2 to assemble its own capsid. The normal P2 capsid has a T ϭ 7 icosahedral structure comprised of the gpN-derived capsid protein, whereas the capsid produced under the control of P4 has a smaller, T ϭ 4 structure. The protein responsible for this size determination is the P4-coded gene product Sid, which forms an external scaffold on the P4 procapsid. Using an in vitro assembly system, we show that gpN and Sid can coassemble into procapsid-like particles, indistinguishable from those produced in vivo, in the absence of any other gene products. The fidelity of the assembly reaction is enhanced by the inclusion of PEG and has a pH optimum between 8.0 and 8.5. Analysis of the assembly properties of truncated versions of Sid and gpN suggests that the amino-terminal part of Sid is involved in gpN binding, while the carboxyl-terminal part forms trimeric Sid-Sid interactions, and that the first 31 amino acids of gpN are required for binding to Sid as well as for size determination.
INTRODUCTION
The process by which complex, macromolecular structures are assembled from their component proteins depends on accurate control mechanisms to ensure that the correct structure is formed in the appropriate location. The bacteriophage P2-P4 system exemplifies a central problem in macromolecular assembly: how are the size and shape of the final structure determined? Bacteriophage P2 normally produces a 60 nm diameter, T ϭ 7 icosahedral capsid from 415 copies of major capsid protein, derived from the gpN gene product (Lengyel et al., 1973; Dokland et al., 1992) . The satellite virus P4 does not code for a major capsid protein, but depends on the exploitation of proteins supplied by a P2 helper during a P2-P4 coinfection or a P4 infection of a P2 lysogen (Christie and Calendar, 1990) . The capsid produced under control of P4, however, contains only 235 copies of gpN-derived protein, defining a 45-nm diameter T ϭ 4 capsid . The factor responsible for this size determination is the P4-coded protein Sid (Shore et al., 1978) , which has been shown to form an external scaffold on the P4 precursor capsid (Marvik et al., 1995; Dokland, 1999) . The sir mutations of N render gpN resistant to the effect of Sid and may affect either the binding of Sid or the protein flexibility (Six et al., 1991; Dokland et al., 1992) . The major capsid protein gpN undergoes a series of cleavage steps during maturation, during which the 40.2-kDa full-length protein is N-terminally processed to h1 (39.0 kDa), h2 (38.6 kDa), and N* (36.7 kDa) (Lengyel et al., 1973; Linderoth et al., 1991; Rishovd and Lindqvist, 1992) . P2 capsids contain only N*, while P4 capsids also contain some h1 and h2 (Rishovd and Lindqvist, 1992; Marvik et al., 1994a) . A presumed internal scaffolding protein, gpO, is required for both P2 and P4 virus formation in vivo (Lengyel et al., 1973; Marvik et al., 1994b) .
To better understand the interaction between Sid and gpN and the mechanism of Sid-induced size determination, we have undertaken a study of the P4 assembly process. Previously, we investigated the assembly properties of gpN and Sid in vivo (Marvik et al., 1994a (Marvik et al., ,b, 1995 . In these studies, cells expressing gpN were analyzed for particle formation in the absence or presence of Sid, introduced either by superinfection with P4 or coexpression of Sid from the P4cat plasmid (Ghisotti et al., 1990) . Expression of gpN alone led to the formation of aberrant shells of various sizes, whereas the presence of Sid led to the formation of P4-size procapsid-like shells; however, the resulting shell population was heterogeneous. Coexpression of gpN and gpO increased the fidelity of the assembly and appeared to favor the formation of larger capsids (Marvik et al., 1994b) .
One of the problems with the in vivo approach is the inability to control exactly the assembly conditions, such as the concentrations and ratios of the structural proteins. Here, we have developed an in vitro system for P4 capsid assembly, allowing the assembly requirements to be studied in more detail. Using this system, we have been able to produce P4 procapsid-like particles from only the two proteins gpN and Sid. Furthermore, using truncated forms of the proteins, we have identified regions of importance for forming scaffold-capsid interactions.
RESULTS

Assembly of gpN in the absence of Sid
After expression of the pTL1 clone ( Fig. 1) , most of the gpN-derived protein was found assembled into aberrant, capsidlike structures (Marvik et al., 1994b) . Therefore, to reproduce the assembly process in vitro, these particles had to be disrupted into soluble, assembly-capable protein. Initially, 0.5-1 M GuHCl was used to disrupt the gpN particles. However, subsequent reassembly failed to produce any procapsid-like particles, even in the presence of Sid, perhaps resulting from a failure to completely revert the proteins to their assembly-naive states (results not shown). Consequently, the approach taken was to completely denature the proteins in urea, followed by renaturation by rapid dilution into reassembly buffer and subsequent concentration.
After this denaturation/renaturation treatment, the gpN protein reformed into mostly aberrant shell-related structures, similar to those found in the gpN preparation prior to denaturation ( Fig. 2A) . Few (Ͻ5%) shells resembling P4 procapsids were seen, as expected in the absence of Sid, and indeed few closed shells of any size could be distinguished. The size of the individual shells ranged from about 30 to 60 nm diameter, but the most common form was large structures, apparently consisting of multiple partial shells fused together. In addition, a large amount of apparently partially assembled gpN protein could be seen in the background, perhaps representing oligomeric assembly intermediates ( Fig. 2A, inset) .
Assembly of gpN in the presence of Sid
The presence of Sid wt during reassembly caused a major change in the assembly products. In this case, a number of small, 40 Ϯ 2 nm particles were seen, resembling the P4 procapsid-like shells previously found in cells expressing pTL1 (or pPS1) after infection with P4 (Marvik et al., 1994b (Marvik et al., , 1995 (Fig. 2B) . The proportion of correctly formed, procapsid-like shells after assembly in the presence of Sid was up to 64%. Very few (Ͻ1%) larger, closed shells were found. In addition, relatively few large, aberrant structures were found, unlike in the absence of Sid. However, complete procapsid-like shells were commonly found clustered together. The predominant aberrant species was smaller, procapsid-sized (40 nm), incomplete or incorrectly closed shells.
IB-purified and soluble Sid protein displayed a similar capacity for promoting the formation of procapsid-like particles, although the proportion of correctly formed shells was generally slightly higher with the soluble protein. Thus, the denaturation process did not significantly affect the activity of Sid. (The experiments described below used only the soluble Sid protein.)
Optimization of the assembly reaction
The assembly reaction was carried out under different conditions, including varying the assembly time, pH, salt concentrations, and the presence or absence of PEG. The most striking effect on the assembly fidelity, measured as the percentage of correctly formed particles, was seen with the inclusion of 2-3% PEG 4000 or 10-20% PEG 400 in the reassembly buffer (Fig. 2B ). In the absence of PEG, the proportion of correctly formed procapsid-like shells was around 28%. In the presence of 10-20% PEG400, this fraction increased to 55%, whereas in the presence of 3% PEG 4000 in low salt it went up to 64%. The quality of this material was confirmed by cryo-EM, which showed a relatively homogeneous population of procapsid-like shells, although some size variation was observed (Fig. 3A) . Image reconstruction of these FIG. 1. Clones used in this study. The N clones are pTL1 (Marvik et al., 1995) , which codes for the full-length gpN protein, and pOM9 (Marvik et al., 1994a) , which codes for N*, the fully cleaved, mature form of gpN. The sid clones are pVE2 (this study), which codes for the full-length Sid wt protein; pSF1 and pSF2 (this study), which codes for the N-terminally truncated Sid⌬N53 and the C-terminally truncated Sid⌬C215, respectively; and pRH1 (Marvik et al., 1995) , which codes for another C-terminally truncated protein, Sid⌬C189. particles ( Fig. 3B) showed a structure virtually identical to that previously obtained for Sid-containing procapsids produced in vivo (Marvik et al., 1995) . The addition of 5% glycerol to the assembly reaction did not have any effect on the assembly, nor was any difference seen on the fidelity of assembly of gpN alone. Cerritelli and Studier (1996) found that the inclusion of 20% PEG 200 or 5% PEG 8000 had a strong positive effect also on T7 assembly in vitro. P22, on the other hand, did not require PEG for efficient assembly (Prevelige et al., 1988) . The reason for the increase in fidelity may be that the PEG increases the apparent protein concentration to a level similar to that found inside the cell, but without the self-aggregation problems associated with a high concentration of gpN alone.
The reassembly experiments described earlier were carried out at pH 8.0; however, procapsid-like particles could be produced at pH 7-9, with an optimum in efficiency between pH 8.0 and 8.5, based on the normalized number of procapsid-like particles seen in the micrographs after reassembly (Fig. 4) . This is similar to the pH optimum of 8.2 found for T7 (Cerritelli and Studier, 1996) . The fidelity of the reaction, however, did not differ greatly at different pH, either in the absence or presence of PEG (30 and 40-60%, respectively). The highest assembly fidelity was obtained in the absence of NaCl (up to 64% procapsid-like shells), while at 0.3 M NaCl the proportion of correctly formed shells was about 41% and the assembly efficiency was greatly reduced. The presence or absence of Mg 2ϩ did not significantly alter the reactions. Varying the renaturation time between 0.5-48 h prior to concentration made no difference to the final assembly products, showing that the 0.5-2 h normally used was sufficient to refold the protein. No particles were found if the reassembly solution was concentrated rapidly by centrifugation or ammonium sulfate precipitation instead of ultrafiltration, even after 48 h of prior renaturation. This means that the assembly starts only when the concentration reaches a certain threshold level. During concentration by ultrafiltration, the particles have time to form as the protein concentration is being slowly increased.
For most experiments a Sid:gpN molar ratio of 1:1 was used, which would be expected to constitute a two-to fourfold excess of Sid (Marvik et al., 1995) . Indeed, excess Sid could be seen in the electron micrographs as unassembled, fibrous protein aggregates in the background, and a large fraction of the Sid protein remained in solution after reassembly and sucrose gradient centrifugation (see below) (Fig. 2B, inset) . Using a higher Sid:gpN ratio of 2:1 made no difference to the quality of the assembly products. Likewise, with an excess of gpN (Sid:gpN ϭ 1:4), a greater amount of apparently partially assembled gpN was observed by EM ( Fig. 2A, inset ), but no difference in the fidelity or efficiency of the assembly was observed.
When the renaturation was carried out by dialysis rather than dilution, a heterogeneous mixture of closed and unclosed thick-walled shells ranging in size from 40-60 nm were produced. This was not the result of higher protein concentration alone, as the same result was obtained when the dialysis was carried out at 10-fold lower concentration (0.1 mg/ml gpN). Most likely, the reason is that dialysis is not as suitable as rapid dilution for renaturation of the denatured Sid and gpN proteins.
Aggregation of gpN protein
Some (10-30%) of the total gpN protein was always lost through aggregation during the concentration step (Fig. 5, lanes D and T) . A fraction of the final reassembly product was always aggregated as well. To assess the extent of such aggregation, gpN alone or in combination with either Sid wt , Sid⌬N53, or Sid⌬C189 was prepared for reassembly by denaturation in urea as before. (In this experiment, Sid protein was included during denaturation.) The difference between the amount of protein before (Fig. 5, lane D) and after (lane T) renaturation gave an indication of the amount of protein lost on the filter during concentration. After concentration, the solution was centrifuged at 12,000 g for 10 min, and the amount of protein in the pellet and supernatant was compared (Fig. 5, lanes S and P) .
In the absence of Sid, about 30% of the gpN were in the pellet after centrifugation (Fig. 5A ). However, 30% had been lost on the filter during concentration. Addition of either Sid⌬C189 or Sid⌬N53 actually led to an increase in the amount of protein lost, leaving 43 and 59% in the 
FIG. 4.
Histogram of normalized procapsid particle counts after reassembly, varying the pH between 7 and 9. The total number of particles in three separate negatives (different shades of gray) were counted for each pH value and normalized by the number of ␣3 particles in the same negative (see Materials and Methods).
pellet, respectively (Figs. 5B and 5D), perhaps partly because of an increase in the total amount of protein present. Inclusion of Sid wt , on the other hand, brought most of the material into the soluble fraction, leaving only about 15% in the pellet (Fig. 5C ). This effect is primarily caused by the formation of procapsid-like particles, which are not pelleted during the short centrifugation.
Separation of assembly products on sucrose gradients
The assembly products were separated on sucrose gradients. In the absence of Sid, up to 80-90% of the material ended up in the bottom of the gradient, reflecting the strong tendency of the gpN protein to aggregate under these conditions. Sonicating the sample before centrifugation brought more material into the gradient, leaving only about 25% in the pellet (Fig. 6A) . The remainder of the gpN protein was found on top (14%) or spread throughout the middle of the gradient. As expected from the heterogeneous nature of the shells observed by EM, the material did not form a distinct band.
In contrast, after assembly in the presence of Sid, up to 50% of the gpN protein and 20% of the Sid protein cosedimented in the middle fractions of the gradient, confirming the association between the two proteins during assembly (Fig. 6B ). About 20-35% of the Sid protein remained on top of the gradient, as expected for a soluble monomer or small oligomer, together with a smaller amount (Ͻ5%) of gpN. (Untreated Sid alone remained primarily [40%] as soluble protein on top of the gradient [ Fig. 6C ].) A large amount of Sid protein (up to 37%) was always found in fraction 2, both in the presence and absence of gpN, corresponding to a sedimentation coefficient of about 30 S. This reflects the presence of a larger oligomer, suggesting a certain amount of Sid selfassembly, which is consistent with the observation of fibrous material in the micrographs (Fig. 2B, inset) . Up to 45% of the gpN material ended up in the pellet, together with 15-30% of the total Sid protein (and more in the presence of PEG). EM analysis of this pellet revealed a large number of well-formed procapsid-like particles clustered together, perhaps through interactions with Sid. Sonication of the sample prior to centrifugation solubilized a large part of this aggregated material, leading to the formation of a sharp, strong band in the middle of the gradient (Fig. 6B ). This band was spread over three fractions and contained about 47% of the total gpN material and 14% of Sid. The center of the peak corresponded to a sedimentation coefficient of about 140 S, consistent with the previously estimated value of 135 S for procapsid-like shells (Marvik et al., 1994a) . Small differences between the sedimentation coefficients could be the result of differences in the Sid content, as the procapsids may lose Sid protein over time (Marvik et al., 1995) .
Reassembly of gpN in the presence of truncated Sid protein
Three truncated versions of the Sid protein, Sid⌬N53, Sid⌬C189, and Sid⌬C215, were made ( Fig. 1 ) and tested for their ability to promote procapsid assembly. In each case, the resulting reassembly mixture contained mostly unclosed, aberrant, and aggregated shells, similar to those found in the absence of Sid (Figs. 2C  and 2D ).
The gpN protein had a strong tendency to aggregate during reassembly with either of the truncated clones (Figs. 5B and 5D ). When the assembly products from either of these truncated clones were run on sucrose gradients, most of both the Sid and gpN proteins also ended up in the pellet (data not shown), suggesting perhaps a specific association between the two proteins. It is conceivable, however, that the two proteins could have aggregated and precipitated independently under the assembly conditions used. 
Assembly of N* in the presence and absence of Sid
The processed, mature form of gpN, N*, formed large, multilayered shells upon expression from pOM9 in E. coli (Marvik et al., 1994a) . After denaturation and reassembly, N* reformed into similar multilayered shells (Fig. 7A) . However, there was no difference in the structure of the shells when reassembly was done in the presence of Sid wt (Fig. 7B ). In this case, excess Sid protein was visible in the background, but did not appear to associate specifically with the N* shells. The presence of PEG did not make a significant difference to the appearance of the N* shells.
Furthermore, Sid wt did not cosediment with N* in sucrose gradients (Fig. 7C ). More than 90% of Sid wt protein was found in the top three fractions, with the majority of the material (54%) in fraction 2. Less than 4% of the Sid protein sedimented in the pellet, while at least 90% of N* was found in this position, as expected, in light of the large size of the N* aggregates. These results suggest that N* is unable to interact with Sid; hence, the first 31 residues of gpN are most likely directly or indirectly involved in the formation of Sid-gpN interactions (see below).
The large, multilayered shells seen by EM after N* reassembly are different from the smaller, simpler shell structures seen after assembly with full-length gpN, even in the absence of Sid. This difference presumably arises from an intrinsic property of the N-terminal epitope (the h1/2 epitope), implicating these residues in size determination as well as in Sid interaction.
Dynamic light scattering of Sid
Dynamic light scattering measurements were used to calculate the distribution of hydrodynamic radii of the four different Sid proteins, Sid wt , Sid⌬N53, Sid⌬C189, and Sid⌬C215. The four different Sid proteins were measured at a concentration of approximately 0.9 mg/ml. Each sample gave a well-defined single peak with a characteristic radius. Sid wt had a radius of 7.3 nm; Sid⌬N53, 7.6 nm; Sid⌬C189, 5.8 nm; and Sid⌬C215, 3.6 nm (Fig. 8) . These measurements are consistent with Sid wt and Sid⌬N53 existing as extended trimers in solution, equivalent to the trimeric structure seen straddling three twofold axes in the EM reconstruction (Fig. 9) . Sid⌬C215 most likely represents an elongated monomeric species (Ϸ7 nm long, the distance from a twofold to a threefold axis in the reconstruction). Sid⌬C189 had the intermediate radius of 5.8 nm, perhaps consistent with a dimeric species (see Discussion).
DISCUSSION
In vitro assembly
We previously demonstrated the production of procapsid-like particles from a gpN-expressing clone after superinfection with P4 or by expression of gpN in a host harboring the P4cat plasmid (Marvik et al., 1994b (Marvik et al., , 1995 . In the absence of P4, the particles were generally larger and less perfect. Nevertheless, there was a considerable amount of aberrant assembly, even in the presence of P4, possibly because of the rather low level of Sid produced in this system. Here, we demonstrate that P4 procapsid-like particles of correct size and shape can be produced in vitro using only purified gpN and Sid, demonstrating that the in vitro pathway accurately reproduces the assembly process in vivo. Compared to the in vivo system, the particles produced in vitro are more homogeneous. However, some aberrant assembly is still seen, perhaps because of improper folding or lack of additional factors (see below).
In vitro assembly of procapsids has been shown for a number of bacteriophages and other viruses, including the phages P22, T7, and , and herpesvirus (Murialdo and Becker, 1977; Fuller and King, 1981; Prevelige et al., 1988; Newcomb et al., 1994; Cerritelli and Studier, 1996) . For P22, scaffolding protein was extracted with 0.5 M GuHCl from procapsids isolated from a P22 infection (Fuller and King, 1981) . Coat protein was likewise produced by disruption of the resulting scaffoldless capsids in 3 M GuHCl. Subsequent reassembly was either done by mixing the two proteins in the presence of 1.5 M GuHCl (Fuller and King, 1981) or by renaturation followed by mixing and reassembly (Prevelige et al., 1988) . (The assembly reaction also worked when recombinant scaffolding protein was used [Parker et al., 1997 [Parker et al., , 1998 ].) These two proteins alone were sufficient to form a highly (98%) homogeneous population of morphologically correct shells. In the absence of scaffolding protein, a few, mostly aberrant shells were formed, and only at higher coat protein concentrations (Earnshaw and King, 1978; Prevelige et al., 1988) . In the T7 system, independently expressed and purified head (capsid) and scaffolding proteins formed procapsid-like particles when they were mixed, although some of the head protein assembled into aberrant aggregates called polycapsids, especially at lower scaffolding:head protein ratios (Cerritelli and Studier, 1996) .
One of the difficulties of in vitro assembly is the premature aggregation of the structural proteins. In the present study, most of the gpN protein was assembled into aberrant shells after expression and had to be solubilized by urea treatment before reassembly in vitro. Although GuHCl treatment could be used to disrupt the particles, it apparently renders the gpN proteins incapable of reassembling. Urea treatment, on the other hand, completely denatures the proteins, which presumably reverts them back to an unfolded and assembly-naive state. The solubilized gpN protein assembled into cap- sid-related shells upon removal of the urea. To coassemble gpN and Sid, the two proteins had to be mixed together at low concentration and subsequently concentrated, because of the strong tendency for gpN self-assembly. The disadvantage of this approach is that the onset of assembly cannot be exactly determined, preventing the direct observation of the assembly kinetics.
Functional domains of Sid
Procapsid-like shells of the right size were formed only in the presence of both full-length gpN and Sid (Fig. 2) . Neither of the Sid truncations, Sid⌬N53, Sid⌬C189, or Sid⌬C215, supported the assembly of gpN into isometric procapsids, even though they did appear to bind to gpN.
From DLS measurements, full-length Sid and Sid⌬N53 had hydrodynamic radii of 7.3 and 7.6 nm, respectively (Fig. 8) . The distance between the two-and the threefold axes in the P4 procapsid EM reconstruction is about 7 nm, and Sid forms a trimeric structure extending between three twofold axes (Figs. 3B and 9) (Marvik et al., 1995) . The DLS measurements are therefore consistent with the existence of this Sid trimer in solution. The C-terminally truncated form, Sid⌬C215, on the other hand, had a radius of only 3.6 nm, consistent with a Sid monomer, thus suggesting that the C-terminal part of the protein is involved in forming trimeric interactions. Surprisingly, the shorter truncation, Sid⌬C189, had a hydrodynamic radius of 5.6 nm, larger than that of Sid⌬C215. Although this might represent a soluble dimer, it is unclear why the Sid⌬C189 and Sid⌬C215 radii are so different. One possibility is that Sid⌬C189 is not folded properly or has an alternative structure to that of Sid⌬C215.
Two separate domains of Sid are distinguishable in EM reconstructions (Fig. 3B ) (Marvik et al., 1995) . The ability of Sid wt to form higher-order (30 S) oligomers (Fig. 6 ) and fibrous "networks" (Fig. 2B , inset) support a model in which the C-terminal part forms trimeric interactions and the N-terminal part forms dimeric interactions (Fig. 9) . Such networks were never seen with Sid⌬C189, even at high concentrations. Such an arrangement was previously suggested from analysis of the so-called "super-sid"(nms) mutations, which are clustered in the C-terminal part of Sid (Kim, K.-J., Sunshine, M. G., Lindqvist, B. H., and Six, E. W., in preparation). These mutations allow P4 to form small capsids, even with a P2sir mutant as helper. Since this suppression is non-allele-specific relative to sir, the mutants most likely affect the Sid-Sid interactions at the threefold axes rather than the interactions between Sid and gpN. Several of the sid mutations also cluster in this region (Nilssen et al., 1996) .
Full-length Sid wt protein undergoes (autocatalytic) cleavage upon prolonged storage. This cleavage removes 27 amino acids from the C-terminus of Sid (unpublished data). The effect of using this partially cleaved protein for reassembly is similar to that found using Sid⌬C189, resulting in increased aberrant assembly and fewer procapsid-like particles (not shown). In vivo, it is possible that such cleavage is correlated with scaffold removal, as it is known that over time, Sid is lost from procapsids and completely degraded (Marvik et al., 1995) .
If the N-terminal part of Sid forms the twofold Sid-Sid interactions observed in the EM reconstructions, it would also be expected to be responsible for gpN binding (Figs. 3B and 9) . Consequently, Sid⌬N53 would not be able to bind to gpN. Nevertheless, Sid⌬N53 coprecipitated with gpN in aggregation assays (Fig. 5) and after sucrose gradient centrifugation. However, although this . Each Sid molecule (dotted) interacts with one copy of gpN in a hexameric capsomer, centered on a twofold axis (filled oval). The diameter of one Sid trimer is equivalent to twice the distance from a threefold to a twofold axis (7 nm). (B) Section through two gpN hexamers, each centered on an icosahedral twofold axis (line with oval). A trimer of Sid, centered on an icosahedral threefold axis (vertical line with triangle), straddles the distance between two gpN hexamers. The Sid C-termini form threefold interactions, whereas the N-termini make contact with the N-termini of gpN (the h1/h2 epitope; hatched area).
might suggest a specific interaction between the two proteins, it is most likely the result of self-aggregation of Sid⌬N53.
Based on volume measurements in the EM reconstruction, Marvik et al. (1995) suggested that a parallel Sid dimer was the most likely building unit of the scaffold, resulting in a total of 120 Sid subunits in the procapsid. If this were the case, what we have here referred to as a trimer would actually represent a trimer of dimers. Both arrangements are consistent with the hydrodynamic size measurements and the linear orientation arguments for Sid made here (Fig. 9) .
Sid-binding activity of gpN
The N-terminally processed form of gpN, N*, did not respond to Sid-induced size determination, apparently because of a failure to associate with Sid during reassembly (Fig. 7) . This lack of association between N* and Sid was somewhat surprising, since previous results had shown that N* particle formation from the pOM9 clone in vivo was affected by the presence of P4, leading to the formation of smaller, albeit mostly aberrant, capsids (Marvik et al., 1994a) . (It is conceivable that this effect was caused by other P4-coded factors, since the experiments were done in the presence of the entire P4 genome, rather than just Sid.) Our results suggest that the first 31 amino acids (the h1/h2 sequence) of gpN are involved in the formation of Sid-gpN interactions, either directly or by influencing the conformation of some structure that is involved in Sid binding (Fig. 9) . Bjerve and Lindqvist (1996) found that a gpN::c-myc fusion protein, in which amino acids 18-28 of gpN had been replaced with the c-myc antigenic epitope, responded to Sid, suggesting that only the first 18 residues are required for Sid interaction.
Since the N-terminal 31 amino acids of gpN are cleaved off during normal viral assembly, this cleavage presumably occurs only after the particle assembly. This is consistent with the conclusions of Marvik et al. (1994a) , who found that uncleaved gpO and gpN are both present in capsidlike structures during P2 and P4 infections. Unlike P2 virions, however, which only contain N*, P4 virions contain about 34% (Ϸ80 copies) of uncleaved or partially cleaved gpN (Rishovd and Lindqvist, 1992) . Immuno-EM has previously shown that P4 virions were labeled by anti-h1/h2 (Isaksen et al., 1993) , whereas P4 procapsids were not (Marvik et al., 1994a) . This is consistent with a model in which Sid binding to the h1/h2 sequence protects these residues against cleavage. The number of uncleaved or partially cleaved gpN molecules in P4 (approximately 80) is roughly consistent with the number of gpN molecules expected to bind to Sid based on the EM structure (i.e., 60) (Marvik et al., 1995) .
Size determination
The main role of Sid is to flip a molecular switch that changes the assembly program from a large to a small head. In vivo, the action of Sid is extremely efficient. Dokland et al. (1992) suggested that size determination is primarily a question of curtailing the natural flexibility of the gpN protein. Sid is expected to act upon its gpN substrate early, before it is committed to large capsid assembly. According to the model of Marvik et al. (1995) , Sid binds to premade gpN hexamers. Jacobsen (1997) proposed an alternative pathway, in which the oligomeric early intermediate (and hence the substrate for Sid action) is a trimer. Binding of the preformed Sid trimers suggested by the present study to oligomers of gpN (whether hexamers or trimers) might thereby promote the formation of twofold Sid-Sid interactions, which would then bring the shell together with the required T ϭ 4 symmetry. In the absence of Sid, the gpN oligomers follow a default pathway leading to the larger curvature of the T ϭ 7 shell.
In vitro, gpN does not assemble efficiently into morphogenetically correct structures in the absence of Sid. In a P2 solo infection, however, additional factors are present to ensure correct assembly of P2-sized shells. These factors include the (presumed) internal scaffolding protein gpO (Lengyel et al., 1973; Agarwal et al., 1990; Linderoth et al., 1991) and the connector protein gpQ (Rishovd et al., 1994) . Since these proteins are present also during P4 assembly, Sid somehow overrides the effect of gpO. Expression of gpO and gpN from the same plasmid led to an increase in the formation of wellformed, large shells both in the absence and presence of Sid (Marvik et al., 1994b) . This suggested some kind of competition between the two scaffolding proteins in determining the size of the structure (Agarwal et al., 1990) . Even in the presence of gpO, however, the assembly was not error-free. By analogy with other dsDNA phage systems, P2 and P4 assembly is thought to start with the gpQ connector as a nucleator. In some systems, such as 29, the connector also plays an important role in determining the size and shape of the assembly product (Lee and Guo, 1995) . By analogy, gpQ may serve the same role in the P2/P4 system.
In future experiments, these additional factors could be included in the in vitro assembly reaction. P2 connectors have been purified from gpQ expressions (Rishovd et al., 1994 (Rishovd et al., , 1998 ; gpO, however, has proven difficult to produce in the absence of gpN (unpublished results). On the other hand, for crystallization or EM reconstruction purposes, it would probably be best to avoid using connectors, which introduce a unique vertex in the capsid structure. Furthermore, it would be highly advantageous to have a source of soluble, native gpN protein, thus obviating the need for urea denaturation. In addition to removing the potential problem of protein folding, it would enable us to analyze the kinetics of the pathway and provide direct access to the earliest oligomeric intermediates.
MATERIALS AND METHODS
Expression and purification of Sid protein
The clone pVE2 was made by cloning the sid gene in the pET vector, essentially as described by Marvik et al. (1995) . The Sid protein was expressed in E. coli BL21(DE3). The resulting full-length Sid protein has a calculated molecular weight of 27.2 kDa, but has an apparent mobility of 31 kDa by SDS-PAGE. The original Sid clone pRH1 was previously described (Marvik et al., 1995) but was found, in retrospect, to contain a stop codon at position 190, resulting in a 55 amino acid truncation. This protein has a calculated molecular weight of 21.3 kDa, but has an apparent molecular weight of 27 kDa by SDS-PAGE. In the following, the full-length protein is referred to as Sid wt and the C-terminally truncated form is denoted Sid⌬C189. Two additional truncated constructs were generated in this study, by PCR cloning from pVE2 into the pET14 vector (Novagen): (1) pSF1, which codes for an N-terminally truncated Sid protein, Sid⌬N53, lacking the first 52 residues of the Sid wt sequence (with an additional Met before Gly53); and (2) pSF2, which codes for a C-terminally truncated protein, Sid⌬C215, lacking the last 29 residues of Sid wt (Fig. 1) . The Sid clones were all expressed in essentially the same way. The cells were grown in 2ϫ YT medium with 100 g/ml ampicillin at 37°C until OD 600 ϭ 0.6. Expression was induced with 0.4-0.5 mM IPTG and growth continued for 1-2 h. The cells were harvested and resuspended in lysis buffer containing 50 mM Tris, pH 8.0; 1 mM EDTA, including either 25% sucrose (pRH1) or 5% glycerol; and 100 mM NaCl (pVE2). The cells were lysed either by lysozyme treatment (0.1 mg/ml, 30 min on ice), freezing/thawing, and sonication (eight times each for 15 s), or by two passages through a French press. The pSF1 clone was grown at 37°C, but induced and expressed at 22°C for 2 h.
Some of the Sid-related proteins were always found as inclusion bodies (IBs) in the cell pellet after induction. The amount of IB protein varied from about 30-50% for Sid wt up to Ͼ99% for Sid⌬C189. The IB pellets were purified by detergent extraction, essentially following the protocol of Grisshammer and Nagai (1996) . The final IB pellets were Ͼ99% pure. These pellets were solubilized in 8 M urea (in 50 mM CHES, pH 10.0, or 50 mM Tris, pH 8.0, containing 1 mM DTT and 1 mM EDTA) at 4°C for 30 min at a protein concentration of Ͼ10 mg/ml. Any remaining precipitate was removed by centrifugation at 43,000 g for 20 min. The solubilized protein was renatured by rapid dilution into 100 volumes of 50 mM CHES, pH 10, with 1 mM DTT, 1 mM EDTA, and 50 mM NaCl. After stirring for 0.5-1 h at 4°C, the solution was concentrated by ultrafiltration until the final concentration reached approximately 6-7 mg/ml. Renaturation by slow dialysis against decreasing concentrations of urea was also attempted, but resulted in mostly precipitated protein. Recovery of Sid⌬C189 was good, but renaturation of Sid wt led to great loss of protein by aggregation. The final yields for Sid wt , Sid⌬C189, Sid⌬C215, and Sid⌬N53 were 9, 16, 5, and 16 mg, respectively, from 200 ml of culture.
To purify the soluble Sid fractions, an equal volume of detergent buffer (50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1% deoxycholate, and 1% IGEPAL CA-630 [Sigma, St. Louis, MO]) was added to the cell pellet, and the suspension was passed twice through a French press and centrifuged at 15,000 g for 30 min. The supernatant was then precipitated with 20% (saturation) ammonium sulfate on ice for 1 h and centrifuged at 10,000 g for 30 min, and the pellet was resuspended in 20 mM Tris, pH 8.0, 1 mM DTT. The supernatant was dialyzed against the same buffer overnight at 4°C, followed by centrifugation at 15,000 g for 30 min. The resulting solution was loaded on a Bio-Rad Uno-Q (Bio-Rad, Hercules, CA) anion exchange column equilibrated against 20 mM Tris, pH 8.0. Elution was done with a 0-1.0 M NaCl gradient, and the Sid wt protein eluted at approximately 0.25 M NaCl, at a concentration of 14 mg/ml and Ͼ99% purity. Finally, the protein was dialyzed against 20 mM Tris, pH 8.0, 1 mM DTT, 1 mM EDTA, and 50 mM NaCl. The yield of soluble Sid wt was about 50 mg from a 1 L culture, but the yields from the truncated proteins were low. The purified Sid wt protein was unstable and degraded upon prolonged storage at 4°C. Freshly purified protein was therefore aliquoted, frozen, and stored at Ϫ80°C until usage.
Expression and purification of gpN protein gpN was produced from the clone pTL1 (Marvik et al., 1995) , whereas N* was produced from the clone pOM9 (Marvik et al., 1994a) . The expression and purification essentially followed the method of Marvik et al. (1994a,b) , except that no DNase was used, and lysis was done either by sonication eight times each for 15 s or using a French press. About 50% of the protein was found in the supernatant after a 12,000 g centrifugation for 20 min, mostly in the form of capsid-related particles. The particles were either pelleted by overnight centrifugation at 12,000 g or precipitated in 50% (saturation) ammonium sulfate on ice for 1 h followed by centrifugation at 10,000 g for 30 min. Generally, overnight centrifugation resulted in a purer preparation. The resulting pellets were resuspended in 10 mM Tris-HCl, pH 7.4, and 50 mM MgCl 2 , and were purified by CsCl equilibrium gradient centrifugation (24 h at 70,000 rpm in a Beckman 90Ti rotor) after the addition of 0.48 g CsCl/ml of particle suspension. The resulting opaque band was removed through the side of the tube and dialyzed against 10 mM Tris, pH 7.4, with 50 mM MgCl 2 . The total yields were about 27 mg of gpN from 500 ml culture and about 7 mg of N* from 400 ml culture.
Disruption and reassembly reactions
The CsCl-purified gpN-or N*-containing particles, at a protein concentration of about 1 mg/ml, were denatured in 7.5 M urea in 40 mM Tris-HCl, pH 7.5, containing 10 mM EDTA, for 1 h at 37°C.
Reassembly was done by rapid dilution of the denatured protein mixture into 100 volumes of reassembly buffer, typically consisting of 100 mM Tris-HCl, pH 7.0-9.0, 10 mM MgCl 2 , and with 0-1.0 M NaCl. The inclusion of 2-3% polyethylene glycol (PEG) 4000 or 5-20% PEG 400 was also used, leading to a markedly increased fidelity of assembly. The assembly reaction was then left with slow stirring at 4 or 22°C for 0.5-2 h. The resulting mixture was concentrated approximately 100-fold by ultrafiltration in an Amicon (Beverly, MA)-stirred cell (duration typically 1-2 h). Some protein was always lost on the filter during concentration. Reassembly was also attempted by dialyzing the denatured particles against reassembly buffer, but this was not as successful as the dilution method.
Sid was included in the reassembly reaction in one of two ways: IB-purified Sid protein was included during urea denaturation and renatured by rapid dilution into reassembly conditions as before. Soluble Sid protein was included in the assembly reaction by adding it to the reassembly buffer prior to the addition of the denatured gpN, thus avoiding any denaturation of Sid. The two proteins were typically used at a molar ratio of 1:1 and a final concentration of 1-2 mg/ml of gpN.
To assay for the presence of aggregated protein, the reassembly mixture was centrifuged for 10 min at 14,000 g and the pellet and supernatant were analyzed by SDS-PAGE and by electron microscopy.
Sucrose gradients
The reassembly products were further analyzed by sucrose gradient centrifugation. The reassembly reactions (typically 1 ml volume) were loaded on 5-20 or 10-30% sucrose gradients (in 100 mM Tris-HCl, pH 8.0, with 10 mM MgCl 2 and 50 mM NaCl) and centrifuged in a Beckman SW 41 rotor (Beckman Coulten, Inc., Fullerton, CA) at 38,000 rpm for 2 h. Fractions (0.5 or 1 ml) were collected from the top of the tube and analyzed by SDS-PAGE and EM. Relative amounts of protein in each fraction were estimated from the Coomassie-stained polyacrylamide gels by integrating the intensity of each band after background subtraction, using the image processing program NIH Image 1.61. In some cases, the sample was sonicated six times each for 5 s at 85 W (15% of maximum power) before loading on the gradient, to dissolve aggregated capsids.
The sucrose concentrations for each fraction were measured using a Kernco 11N14 refractometer, and S values were calculated using an in-house Fortran program based on Steensgaard et al. (1992) , assuming a particle density of 1.30 g/cm 3 (Marvik et al., 1994a) .
Dynamic light scattering
Dynamic light scattering (DLS) experiments were done on a PDDLS/Batch apparatus (Precision Detectors, Franklin, MA). The instrument measures the time-dependent variation in the intensity of light scattered from the sample. This variation is related to the translational diffusion coefficient and hence to the hydrodynamic radius of the particles (Brown, 1993) . The software calculates the autocorrelation function of this time-dependent variation in the millisecond (ms) range and fits a series of exponential decay functions to it, each exponential representing a specific particle size. The resulting size distribution spectrum is averaged over many runs and displayed as a histogram. The size distributions shown here were mass normalized, compensating for the fact that larger particles scatter more light, using the software included with the instrument.
Generally, each experiment used 120 l of protein sample at a protein concentration of about 1 mg/ml, after centrifugation and filtration through a 0.22-m filter. Spectra were collected using sampling times from 3 to 10 ms.
Electron microscopy
Particle samples, at a protein concentration of approximately 0.1-0.5 mg/ml, were placed on glow-discharged, Formvar/carbon-or carbon-coated grids, stained with 1% uranyl acetate, and observed in a JEOL JEM-1010 electron microscope operating at 100 kV, typically at a magnification of 50,000ϫ. In cases where the samples contained sucrose, glycerol, or PEG, they were either pelleted at 200,000 g for 1 h and resuspended in EM buffer (100 mM Tris-HCl, pH 7.5, 50 mM NaCl, 10 mM MgCl 2 ) before applying to the grid, or simply washed on the grid with three drops of EM buffer before application of the stain.
The fidelity of the assembly reaction under various conditions was estimated by comparing the number of correctly formed procapsid-like particles to the total number of particles on the grid. The efficiency of procapsid assembly was estimated as the total number of procapsid-like particles in one micrograph. To compensate for heterogeneous distribution of particles on the grid, and possible bias in selecting the areas for counting, 1 l of a bacteriophage ␣3 standard solution was added in some samples as an internal reference. This virus has a diameter of about 250 Å and a distinctive shape easily distinguishable from other particles in the sample. The particle counts were then normalized using the relation N ϭ P ϫ [(P ϩ A)/A], where N is the normalized particle count, P is the number of procapsid-like particles, and A is the number of ␣3 particles in the field.
